Fluoride is important for human health, but high level of fluoride concentrations can be threatening for both humans and animals as well as damaging to the environment. This paper delineates on fluoride adsorption onto palm kernel shell-based anion resins under various fluoride concentrations and temperatures. The equilibrium fluoride adsorption capacity demonstrated by the resins was observed 2.32 mg/g. Pseudo second-order model and Weber-Morris diffusion model were employed to evaluate the uptake rate and behavior of fluoride adsorption. The correlation coefficients (R 2 ) between experimental data and pseudo second-order model predictions was almost unity at all concentrations (5, 10 and 15 mg/L), indicating goodness of fit of the model. On the other hand, the thermodynamic study revealed the endothermic nature of the process indicated by the positive value of enthalpy change (2.671 kJ/mol). Moreover, the process is dominantly physical in nature along with a slight contribution of chemisorption.
INTRODUCTION
Fluoride is imperative for human health, particularly at a concentration in the range of 1.0-1.5 mg/L, depending on ambient temperature. However, despite its significance, high concentrations of fluoride can be life-threatening for humans and animals and damaging to the environment [1] [2] . More than 260 million populaces across the world consume drinking water with higher than recommended concentrations of fluoride [3] [4] . Excessive fluoride in groundwater is a major issue because of the possibility of fluorosis arising from its bioaccumulation. Fluorosis has been identified in a number of countries including Pakistan, India, Sri Lanka, China, the United Kingdom, the United States, Argentina, South Africa, sub-Saharan Africa, and Mexico. Hence, the World Health Organization (WHO) has set the permissible limit of fluoride in drinking water to be 1.5 mg/L [5] [6] [7] [8] .
Malaysian agriculture industry including palm oil produces huge amount of numerous types of waste that is extensively used for energy production [9] [10] . Remarkably, Koey et al. [11] developed a novel adsorbent for removal of dye namely RB5 by quaternization of Palm Kernel Shell (PKS). Abu-Bakar et al. [12] adopted an analogous approach for adsorption of fluoride on PKS-based adsorbent, but it could not generate exceptional results compared to study conducted by [13] . In fact, in [13] the researchers have changed the reaction chain as well as employing KNO3 instead of NaOH for mercerization process. Unlikely, they did not present the thermodynamics analysis that is essential to observe nature and spontaneity of the reaction [14] as well as exhaustive kinetic analysis by virtue of this maiden adsorbent.
In this research, palm kernel shells (PKS) based anion resins (PKS-AR) were prepared. PKS that is a waste generated in the processing of palm oil and frequently available in Malaysia, Nigeria, Indonesia and many other countries as a waste product [10] [11] . This study particularly provided insight into the kinetic behavior of fluoride adsorption onto PKS-AR and thermodynamics of fluoride adsorption.
MATERIALS AND METHODOLOGY

Materials and Solution Preparation
The chemicals used were potassium fluoride (KF), N-(3 Chloro-2 Hydroxypropyl) Trimethylammonium Chloride (CHMAC), and potassium hydroxide (KOH pellets). All were of analytical grade (Sigma-Aldrich, Germany) and were used without further purification. A stock fluoride solution for serial dilutions was prepared by mixing 221 mg of sodium fluoride in 1 L of deionized water (Milli-Q Water). Serial dilutions of the stock solution were then prepared to yield fluoride concentrations of 2.5, 5.0, 7.5, 10.0, 12.5 and 15.0 mg/L. Ultimate concentrations were verified using DR-2500 Spectrophotometer (Hach) using SPADNS method.
Chemical Modification of Palm Kernel Shell
Raw PKS was cleaned and washed using hot water and treated with acetone. The PKS fibre was then dried under sunlight and ground into small particles with an effective diameter in the range of 0.25-0.5 mm. The ground PKS was mercerized by treating it with potassium hydroxide as described in our early phase of research for fluoride adsorption [11] . In this study, the PKS was mercerized with 30% potassium hydroxide (KOH) that facilitate the particles to swell. The mercerization process was conducted for about 2 hours at room temperature. Subsequently, the mercerized PKS was rinsed with sufficient amount of deionized water and then dried at 60 o C. This process also expedites to eliminate the impurities. These mercerized particles were reacted in a mixture of 5 M KOH and CHMAC (1:1.5 v/v) for quaternization. This process was carried out to create positive charges on the PKS-AR by grafting amine groups under alkaline conditions. Thereafter, the resins were repeatedly rinsed with a volume of deionized water (while stirring) sufficient to produce a transparent supernatant. Then the pH of the prepared mixture was adjusted using 1 M sodium hydroxide and 1 M hydrochloric acid.
Fluoride Batch Study
Batch studies were conducted at 20 °C, 25 °C 30 °C, 35 °C and 40 °C to assess adsorption data in order to ascertain maximum fluoride removal (at initial fluoride concentration: 2.5-15.0 mg/L and pH:6 ). Eq.1 is employed to observe maximum adsorbed fluoride on PKS-AR at equilibrium.
Here, qe is maximum adsorption at equilibrium (mg/g), Ci and Ce are initial, and equilibrium concentrations (mg/L), respectively while V and m is the volume of adsorbate, and mass of the PKS-AR (g), respectively. On the other hand, batch studies were also conducted at an initial fluoride concentration of 5, 10 and 15 mg/L to evaluate the kinetic parameters at temperature 30 0 C.
Kinetic Modeling of Nitrate Adsorption
The kinetic behavior of fluoride removal by PKS-AR was analyzed using pseudo-second order and the Weber-Morris diffusion model. Equations (2-4) were used for calculating the requisite parameters. Moreover, Equation (2) can be modified to (3) for prediction of the initial kinetic rate in the pseudo-second order model [15] . 2 
In (2-4),'t' is time (min), K1 is termed for the pseudo-second order constant (g/mg-min) and h = (K2 × qe 2 ), which defines the initial uptake rate (g/mg-min). In (4), Kid and Cid define the intra-particle diffusion constant (mg/g-min) and thickness of boundary layers, respectively.
Thermodynamic Study of Fluoride Adsorption
To evaluate the thermodynamics of adsorption, it is imperative to calculate thermodynamic parameters such as the change in free Gibbs energy 'ΔG o ' (kJ/mol), entropy change 'ΔS o ' (kJ/mol K), and enthalpy change 'ΔH o ' (kJ/mol). These parameters can be determined using Equation 5 and the Van't Hoff Equation 6 .
In Equation (5) and (6), T is absolute temperature (°K), and R is the gas constant (8.314 × 10 -3 kJ/mol-K). The equilibrium constant 'K' relates to the Langmuir constant 'b' measured in (L/mg) and can be obtained by multiplying 'b' by a factor of 10 6 [16] [17] . (Figure 1) . Furthermore, the adsorption capacity of fluoride onto PKS-AR increased by an escalation in temperature that is also reported by [18] in which adsorption behavior of fluoride was studied on adsorbent using reed residues as a precursor. In addition, absorption capacities revealed that PKS-AR posses limited capacities that got exhausted as the initial fluoride concentration increased. This particular trend is analogous to work reported in the literature related to adsorption of fluoride and nitrate onto biomaterial based adsorbents [19] [20] . 
RESULTS AND DISCUSSIONS
Effect of Initial Nitrate Concentration
Adsorption Kinetics
Pseudo Second-Order Study
The constant K1 (g/ mg-min) that represent the kinetic rate for the pseudo second-order model was calculated to be 0.2904, 0.1549, and 0.0853 g/(mg. min) at an initial fluoride concentration of 5, 10 and 15 mg/L, respectively. The qe value obtained for the pseudo second-order model was 1.03, 1.59, and 2.19 mg/g, at different concentrations, respectively. In the absence of pseudo first-order, it is imperative to determine the value of h to predict initial rate constant considering modified equation (3) of pseudo second-order. The value of h for fluoride was found to be 1.15, 2.88 and 5.49 mg/g-min describing initial rate constant of kinetics for fluoride on to PKS-AR at an initial concentration of 5, 10, and 15 mg/L, respectively. These results indicate a high probability of chemisorption that largely constitutes the adsorption mechanism of fluoride onto PKS-AR [12, 22] . The correlation coefficients (R 2 ) between experimental data and model predictions was almost unity at all concentrations under consideration (Table 1) , indicating goodness of fit of the pseudosecond-order model [18] . Moreover, kinetic rate constant (k1) decreased and initial uptake rate (h) increased at higher concentrations of fluoride (Table  1 ). This phenomenon is associated to the fact that the initial concentration of fluoride was higher that facilitated adsorption but the adsorption sites on the surface of PKS-AR were blocked with the passage of time. Subsequently, adsorption rate of fluoride slowed down and gradually approached equilibrium [22] [23] . 
Intra-particle Diffusion
The external mass transfer that can also be referred as boundary diffusion as well as describe rate limiting steps which are imperative regarding the solute-transfer process in solid-liquid adsorption [18] . The rate-limiting step in the adsorption of fluoride by PKS-AR was investigated by plotting ( Figure 2 ) the amount of fluoride adsorbed against the square root of time ( at all initial concentrations of fluoride under consideration ), based on the Weber and Morris model (Equation 4). Figure 2 highlights the variable rate of fluoride adsorption on PKS-AR, with an initial phase influenced by a boundary layer diffusion effect, a second phase controlled by intra-particle diffusion, and a final phase displayed an equilibrium stage. Thus, Figure 2 specifies that the process of fluoride removal on PKS-AR was rather complex and influenced by both surface adsorption and the intra-particle diffusion [12, 19] . Moreover, summarization of intra-particle parameters for fluoride uptake on to PKS-AR is presented in Table 2 . These results demonstrate that intra-particle diffusion increased with corresponding increase in fluoride concentration in the solution that is analogous to research reported in [12, 18] . Figure 2 . Amount of fluoride adsorbed versus the square root of time, highlighting the effect of intra-particle diffusion (PKS-AR dosage: 4g/L, pH: 6). Figure 3 , and the Van't Hoff (6) is used to plot lnK versus 1/T that provided a value of 0.905 for R 2 ( Figure 4) . Tables 3) . The standard Gibbs free energy has a negative value, and this basically describes the spontaneity of the fluoride sorption process at all the temperature values observed in the process [12, 19] . Moreover, the nature of the interaction between fluoride onto PKS-AR was found to be endothermic indicated by the positive value of 'ΔH o ' for respective contaminants ( Table 3) . The values of the ΔH o were observed to be 2.671 kJ/mol which is lower than 40 kJ/mol indicating the adsorption process dominantly physical in nature [24] despite significant contribution chemisorption that is apparent from the goodness of fit of pseudo-second-order.
Furthermore, the adsorption of fluoride showed more affinity at higher temperatures because of endothermic nature of the process. This finding is analogous as described by [3] in fluoride adsorption on adsorbent prepared by the fungus (P.Elrengi). Also, the change in standard entropy for adsorption process is positive (Table 3) showing increasing degree of freedom of fluoride ions. This phenomenon is associated to change in the structure of PKS-AR that increased the solid-liquid interface [3, 18, 20] . 
CONCLUSION
The novel adsorbent (PKS-AR) prepared by chemical modification of palm kernel shells effectively adsorbed 2.32 mg/g of fluoride from water at pH 6. The correlation coefficients (R 2 ) between experimental data and Pseudo-second order prediction was almost unity at all concentrations. On the other hand, intra-particle diffusion model reveals variable rate of fluoride adsorption on PKS-AR showing boundary layer diffusion followed by intraparticle diffusion before approaching an equilibrium stage in the final phase. Moreover, at an initial fluoride concentration of 5, 10 and 15 mg/L, initial uptake rate of fluoride is very high that is observed 1.15, 2.88 and 5.49 mg/g-min, respectively. Thermodynamics of adsorption for fluoride revealed that the nature of the interaction between fluoride onto PKS-AR was endothermic indicated by the positive value of 'ΔHo' that was 2.671kJ/mole. Furthermore, the adsorption of fluoride showed more affinity at higher temperatures and chemisorption is also a vital mechanism in the fluoride adsorption process along with the dominance of physical adsorption.
